Microstructural changes resulted from neutron irradiation and post-irradiation annealing in a hightemperature ultra-fine precipitate strengthened (HT-UPS) stainless steel were characterized using transmission electron microscopy (TEM) and atom probe tomography (APT). Three HT-UPS samples were neutron-irradiated to 3 dpa at 500 C, and after irradiation, two of them were annealed for 1 h at 600 C and 700 C, respectively. Frank dislocation loops were the dominant defect structure in both the asirradiated and 600 C post-irradiation-annealed (PIAed) samples, and the loop sizes and densities were similar in these two samples. Unfaulted dislocation loops were observed in the 700 C PIAed sample, and the loop density was greatly reduced in comparison with that in the as-irradiated sample. Nano-sized MX precipitates were observed under TEM in the 700 C PIAed sample, but not in the 600 C PIAed or the as-irradiated samples. The titanium-rich clusters were identified in all three samples using APT. The post-irradiation annealing (PIA) caused the growth of the Ti-rich clusters with a stronger effect at 700 C than at 600 C. The irradiation caused elemental segregations at the grain boundary and the grain interior, and the grain boundary segregation behavior is consistent with observations in other irradiated austenitic steels. APT results showed that PIA reduced the magnitude of irradiation induced segregations.
Introduction
The high-temperature ultra-fine precipitate strengthened (HT-UPS) steel is a candidate structural material for the next-generation nuclear reactors. It is a Fe-14Cr-16Ni-2.5Mo-2Mn-Ti,Nb,V austenitic stainless steel and was developed at the Oak Ridge National Laboratory (ORNL) for advanced steam cycle power generating systems [1, 2] . HT-UPS steel has significantly improved creep and irradiation resistance than traditional austenitic stainless steels [2] , due to the additions of carbide/nitride forming elements (Nb, Ti, V) that result in the formation of finely dispersed MX (M: Nb, Ti, V; X: C,N) precipitates at elevated temperatures [3] . These precipitates serve as pinning sites for dislocation motion during thermal creep, and the interfaces between the precipitates and matrix serve as defect sinks under irradiation [1, 3] . The HT-UPS steel has been previously studied for its corrosion resistance [4] , sodium compatibility [5] , creep-fatigue property [6] , and microstructural evolutions upon heat treatments [6e8] . In spite of a good understanding on its microstructure and related mechanical properties in the HT-UPS steel, the studies of irradiation induced microstructural evolution in this material are limited to date.
Neutron irradiations create point defects and small defect clusters which further evolve into complex microstructures, such as dislocation loops, network dislocations, stacking-fault-tetrahedra, cavities, irradiation induced precipitates, etc. [9] . In irradiated austenitic stainless steels, the most commonly observed dislocation loops are Frank dislocation loops (b ¼ a/3<111>, b is the Burger's vector) and perfect dislocation loops (b ¼ a/2<011>) [10] . The Frank dislocation loop contains a stacking fault, and it can unfault to become a lower-energy perfect dislocation loop as the loop grows under irradiation [11] or upon mechanical deformation [12, 13] .
The strengthening effect of fine MX precipitates critically depends on their nucleation and coarsening behaviors at elevated temperatures. Cold work is known to promote the precipitation of fine MX precipitates in the HT-UPS steel to significantly improve its creep life [7] . Due to the strain-energy effects from the large positive lattice misfit (21% difference in lattice parameters) between the MX precipitates and austenite matrix, it is hard for the MX precipitates to nucleate directly in the austenite matrix. They are often associated with crystal defects, such as the dislocations, stacking faults, incoherent grain boundaries, etc. [7, 8] . The growth of MX precipitates has to overcome the lattice misfit strain energy, however, this constraint can be relieved if a significant concentration of vacancies is present [14] . The growth of MX precipitate is also assisted by annealing of preexisting dislocations, which enriches the solute atoms through the dislocation sweeping and annihilation [15] .
The precipitation process under irradiation is influenced by accelerated diffusions due to the supersaturation of point defects and forced chemical mixing from atomic displacements [16] . Moreover, the radiation-induced segregation (RIS) can become significant enough to affect the precipitate formation, where a strong RIS effect retards the formation of MX precipitates [17] . In irradiated austenitic stainless steels, RIS causes an enrichment of Ni, Si and P, and a depletion of Fe, Cr at defect sinks such as grain boundaries, dislocation loops etc.
[18e22], due to the inverseKirkendall effect and the interstitial/vacancy association effect [23] .
In this study, three neutron-irradiated (3 dpa/500 C) HT-UPS specimens, among which two were post-irradiation annealed at 600 and 700 C, respectively, were characterized using transmission electron microscopy (TEM) and atom probe tomography (APT). TEM study provided quantitative information on dislocation loops and precipitates, and APT study further characterized the precipitates as well as chemical segregation. The combination of the TEM and APT analyses provided a comprehensive understanding of the effects of neutron irradiation and post-irradiation annealing on microstructural evolution in the HT-UPS steel.
Experimental procedure
The chemical composition of the as-received HT-UPS steel is listed in Table 1 . The material was solution annealed at 1200 C for 1 h. Three 3-mm TEM disk specimens were neutron irradiated at 500 C to 3 dpa in the Advanced Test Reactor (ATR), Idaho National Laboratory (INL). After irradiation, two of them were then annealed for 1 h at 600 C and 700 C, respectively. The sample conditions are listed in Table 2 . The same samples (Un-irr, Irr and Irrþ600 C ann) were characterized with far-field high-energy X-ray diffraction microscopy, and their responses to the irradiation and/or postirradiation annealing in terms of grain sizes, texture, grain-level lattice constant and distortions were reported [24] .
The TEM specimens were prepared with electropolishing using a twin-jet electro-polisher (Struers ® TenuPol-5) at the Irradiated Materials Laboratory, Argonne National Laboratory (ANL). TEM characterizations were performed on a Hitachi H9000 TEM operated at 200 kV at the IVEM-Tandem Facility in ANL. The rel-rod dark field (RRDF) imaging technique [25, 26] was applied to quantitatively characterize the observed Frank loops. The dark field images were taken using the diffraction streak between the {200} and {111} diffraction spots at near the <011> zone axis, revealing one of the four variants of the a/3<111> faulted loops. The total number of Frank loops was obtained by multiplying a factor of 4 over the counted loop number. The APT studies were conducted at the Microscopy and Characterization Suite of the Center for Advanced Energy Studies in Idaho Falls, ID. APT tips were prepared using a dual-beam FEI © Quanta 3D FEG focused ion beam/scanning electron microscope instrument. The data acquisitions were conducted in a laser pulsed mode on a CAMECA ® LEAP 4000XHR Local-Electrode Atom Probe (LEAP) with the laser energy of 50e60 pJ, pulse rate of 200 kHz, and sample temperature of 50e55 K. For each irradiated sample, an average of 8 tips was examined. APT data analysis was performed using the Interactive Visualization and Analysis Software (IVAS) version 3.6.14. A standard reconstruction protocol was followed for the 3D reconstruction of the APT data. Scanning electron microscopy images of the tips were used for defining the tip profiles. The isosurface method was used for analyzing the Ti clusters. The atomic concentration of Ti was chosen at a value where the yielded clusters for all three irradiated specimens are not changing significantly with the concentration. As shown in Fig. 1 , the cluster density yield is plotted against the Ti concentration for the three irradiated samples. Based on this plot, a Ti atomic concentration of 1.2% was selected.
Results

TEM characterization of radiation defects
Dislocation loops in the as-irradiated sample were characterized at near the [101] zone axis, as shown in Fig. 2 . The loop characters were identified through the calculation of dislocation loop contrasts based on their geometric configurations including the theoretical loop habit plane and the projection plane [25, 27] . Most of the dislocation loops in as-irradiated HT-UPS were a/3<111> faulted loops. While some of the loops may be a/2<110> perfect loops, they cannot be clearly identified due to the high loop density. The "black-dot" defect clusters were also observed as shown in Fig. 2 , and these defects are considered as Frank dislocation loops with much smaller sizes [28] .
The Frank loops were imaged and quantified with the RRDF technique. Frank loops were observed in both the Irr and the Irrþ600 C ann samples, and the rel-rod streaks are clearly shown in the insets in Fig. 3 . However, the rel-rod streaks were not observed for the Irrþ700 C ann sample, as shown by the inset DP in Fig. 4 . In addition, edge-on Frank loops (a/3<111>) were not observed using g{200} at near the <011> zone, as shown in Fig. 4 . Instead, serrated circular shaped loops and line-shaped dislocations were observed in the BF images. The loops in the Irrþ700 C ann specimen were quantified with BF imaging using g{200}, regardless of any possible contrast extinctions (if a/2<011> dislocation loops are existent, one third of the a/2<011> loops are invisible under the g{200} imaging condition). The exact loop characters were not determined in this study.
The size distributions of the loops in all three specimens are shown in Fig. 5 (a) , and the mean loop sizes and densities are plotted and listed in Fig. 5 (b) and Table 3 , respectively. The specimen thicknesses were measured using the thickness fringes under weak-beam dark field imaging conditions. The mean loop size errors are standard error of mean values, and the uncertainties of loop densities are estimated to be ±10% of the as-measured values, which takes account of the uncertainties in loop counting and thickness measurements. The sizes of dislocation loops are close among the three samples. The mean loop sizes show a slight decrease due to the 600 C annealing, and a slight increase due to the 700 C annealing, and both of which are considered to be within the meansurement variations. The loop density doesn't change significantly from 600 C/1 h annealing. However, there is a significant drop in the loop density after the 700 C/1 h annealing, and the value decreases from 1.3 Â 10 23 m À3 in the as-irradiated sample to 1.0 Â 10 22 m À3 in the Irrþ700 C ann sample. Table 2 List of HT-UPS sample conditions.
Samples Sample Conditions
Un-irr Un-irradiated sample Irr Neutron irradiated to 3dpa at 500 C Irrþ600 C ann Neutron irradiated (500 C/3 dpa) followed by annealing at 600 C for 1 h Irr þ 700 C ann Neutron irradiated (500 C/3 dpa) followed by annealing at 700 C for 1 h Fig. 1 . The cluster density yield vs. the Ti atomic concentration for the isosurface analysis of the irradiated samples. Through-focus imaging was conducted on all three irradiated specimens, and it is concluded that no TEM-resolvable voids are present.
TEM characterization of precipitates
No resolvable precipitates were observed under TEM in the unirradiated, Irr, or Irrþ600 C ann samples. In contrast, fine precipitates were observed in the Irrþ700 C ann sample, as shown in Fig. 6 (a) and (b). The nanometer-sized precipitates evenly distribute in the matrix and do not appear to be associated with any specific defect features. The size distribution is plotted in Fig. 6 (c) , and the average size and number density of the precipitates are 2.3 ± 0.02 nm and (8.8 ± 0.9) Â 10 22 /m 3 , respectively. The estimated lattice parameter of the precipitate is 4.17 Å assuming that the precipitates have a cube-on-cube orientation (f200g ppt f200g g ) with the austenite matrix [7] , and this value is close to that of the MX type precipitates reported by others [3, 29] .
APT characterization of precipitates and solute clustering
The APT analysis showed substantial clustering or segregation in the irradiated and post-irradiation annealed specimens, while no obvious clusterings were found in the unirradiated specimen. No precipitates larger than 20 nm were found in any of the specimens. Fig. 7 shows the volume renderer maps for the clustering elements in the as-irradiated (500 C/3 dpa) specimen. The volume renderer map in the IVAS program shows the spatial concentration of an element with either voxel opacity or color gradient. Two types of clusters can be identified. The first type is enriched with Si, Ni and P. The second type is primarily enriched with Ti and C, but other MX forming elements such as Nb, V and N are also present. It's worth noting that some of the Ni and Si rich clusters resemble the shape of dislocation loops, as pointed by the blue arrows in Fig. 7 . The postirradiation annealed samples show similar clustering behaviors except a reduction of the Si-and Ni-rich clusters and a growth of the Ti-rich clusters. The 1.2% Ti isosurface interfaces are plotted in Fig. 8 . Clusters of Ti atoms were not observed in the unirradiated specimen, but in the irradiated and post-irradiation annealed specimens. Their size Fig. 4 . BF images of the dislocation loops observed in the Irrþ700 C ann sample. Both images are taken with g{200} near the <011> zone. distribution, mean size, density and volume fraction are plotted in Fig. 9 . Cluster sizes were calculated from the cluster volumes by assuming a spherical geometry. Volume fractions were calculated as the ratios between the summed volume of the clusters and the whole APT tip volume. The mean cluster size slightly decreased from 1.96 to 1.88 nm, and there's a small increase in the total volume fraction (from 0.13% to 0.15%). In contrast, the Irrþ700 C ann specimen presents a pronounced size increase of the Ti clusters, as shown in Figs. 8 and 9 (b). The mean cluster size increased from 1.96 nm to 2.83 nm after the 700 C/1 h annealing, and the total volume fraction increased from 0.13% to 0.46%. Apparently, the 700 C annealing has a stronger effect on the growth of Ti-rich . Volume renderer maps of the clustering elements in the as-irradiated (3 dpa/500 C) specimen. The first row of maps presents Si/Ni/P enriched clusters, and the second shows the clustering of MX precipitate forming elements.
clusters than the 600 C annealing. It is noted that, in the Irrþ700 C ann sample, the mean size (2.8 nm) of the Ti clusters measured using APT is very close to the value (~2.2 nm) from TEM measurement (Fig. 6 ).
APT characterization of grain boundary segregation
A grain boundary (GB) was identified in an APT tip of the asirradiated sample, as shown in Fig. 10 (a) . To illustrate the elemental concentration fluctuations across the GB, a cylindershaped region of interest (ROI) was selected with its longitudinal direction perpendicular to the GB. The ROI location was chosen to avoid large Ti rich clusters shown in Figs. 10 (a) and 11 (a). The concentration profiles are shown in Fig. 10(bed) , which were acquired using a fixed bin width of 0.8 nm. Pronounced segregation at the GB is observed, where Fe, Cr, Mn, Mo, and V are depleted, and Ni, Si, P, and B are enriched. There is identifiable segregation for C or N. Ti and Nb show enrichment but with the concentration profile peaks~5 nm off the GB, which could be resulted from the nearby Ti/ Nb clusters. The 1.2% Ti isosurface plots show that the clusters at the GB have much larger sizes (~10 nm) than the ones dispersed in the matrix (~2 nm), as shown in Fig. 11 (a) . The element specific atom maps show that the big clusters are enriched in Ti, Nb, V, Mo, P, B, while other elements are evenly distributed in the interface, C and N maps are not shown here due to the fact that very few of these atoms are detected in this volume. It is not clear whether these clusters arise as a result of the irradiation effects, or due to prior heat treatments. Further experiments are needed in order to identify this. Similar Ti-,V-, Mo-rich carbides were also reported at the GB of a cold-worked þ annealed HT-UPS steel [7] .
Discussion
Irradiation-induced defects and post-irradiation annealing effects
In this study, the irradiation temperature of 500 C (~0.5 T m , T m : melting temperature), is in the "high temperature" regime for irradiated austenitic steels as described by Zinkle et al. [11] . Microstructural evolution in this regime is complex involving dislocation loops and network, voids/bubbles, and various types of precipitates, and the evolution of each microstructural constituent is highly inter-dependent. Table 3 summarizes the microstructural features observed under TEM in the as-irradiated and postirradiation annealed HT-UPS specimens. The dominant defect structure in the as-irradiated HT-UPS specimen is Frank dislocation loops, and no TEM-resolvable voids were observed. It was reported that the addition of solute atoms such as Ti, Nb, Si, C or P, can effectively delay the onset of void formation in Type 316 or 15Cr-15Ni type stainless steels [17,30e32] . The solute effect and a relatively low irradiation dose may be accounted for that no voids were observed in the irradiated HT-UPS steel.
The post-irradiation annealing (PIA) at 700 C caused a significant decrease in loop density. The removal of dislocation loops in austenitic steels by PIA was also reported in Refs.
[33e36]. Jiao et al. [33] reported the removal of Frank loops in a neutron-irradiated (5.9 dpa/288 C) 304 stainless-steel (SS) starting at a PIA of 500 C for 1 h, and a near-complete removal of loops at a PIA of 550 C for 20 h. The PIA induced shrinkage or removal of dislocation loops was explained as due to the absorption of vacancies for the interstitial type Frank dislocation loops [33, 37] . According to Burton [37] , dislocation loops can change sizes due to a diffusion mechanism involving the supersaturation of vacancies, which is connected with line tension, stress state of the dislocations, and the stackingfault-energy (SFE) etc. The annealing effects might also be affected by the surrounding defect sinks [33, 37] . The HT-UPS samples in our study didn't show significant changes of loop density due to a 1 h PIA at 600 C, while in Jiao et al.'s results, the loop density already have significant drops due to annealing at 500 C. The difference might be due to the material difference of the 304 SS and HT-UPS steel and differences in the neutron-irradiations. In Jiao et al.'s study, the irradiation was conducted at 288 C, and there might be a large population of vacancy clusters after irradiation as the vacancies have a very low migration rate at this temperature. However, the vacancy clusters are expected to be much less in our study due to the higher irradiation temperature.
It is worth noting that, despite of the drop in loop densities, the loops remained the Frank faulted character in Jiao et al.'s results, which is in the opposite of our observation for the loops in the Irr, 700 C ann sample. The rel-rod streaks are not observed in the DP (Fig. 4) and edge-on loops are not observed using the g{200} imaging condition. For those reasons, the loops observed in the Irr, 700 C ann sample are suggested to be unfaulted loops. Previous studies have suggested that a sessile Frank loop can be unfaulted through interactions with moving dislocations [12, 13, 38, 39] or through nucleation of a partial dislocation inside [13, 40] . The unfaulting of Frank loops due to PIA may be explained by the nucleation of Shockley partials inside the Frank loops under thermal influences [40] . According to Orlander [10] , the loop unfaulting process occurs spontaneously in stainless steels at about 600 C. The unfaulted loops are mobile and can be removed through prismatic glide [12] . Therefore, both the vacancy diffusion mechanism and the loop unfaulting mechanism might be responsible for the removal of dislocations in the Irr, 700 C ann sample. It is yet unclear which of these two mechanisms is the dominant process.
Radiation-induced segregation (RIS) and the MX precipitation
As shown in Fig. 10 , the segregation of major alloying elements (Fe, Cr, Ni, Si, Mo, Mn) around the GB are in good agreement with those reported in other austenitic stainless steels. The depletion of Fe, Cr, Mn and Mo is explained as mainly due to the inverseKirkendall effect [18] . The enrichment of Si and P is mainly due to the interstitial binding effect [18] . The enrichment of Ni can be explained by both inverse-Kirdendall and interstitial binding effects [11] . Reports about the RIS behavior of carbide forming elements (V/Nb/Ti) are still scarce. In this experiment, the V element is observed to be depleted around the GB, while the segregation of Nb and Ti is difficult to judge, due to the formation of large Ti rich clusters around the GB. One study reported the enrichment of Ti around the GB in irradiated austenitic stainless steels [41] . In addition to the GB segregation, segregations of Si, Ni and P at dislocation loops were also observed, as shown in Fig. 7 . Similar observations were also reported in the irradiated 304 steel [21, 42] . The RIS around dislocation loops is suggested to be the main reason for the formation of loop shaped Ni-and Si-rich clusters [42] .
The Pearson's coefficient (m) for the irradiated samples are plotted in Fig. 12 , which were calculated through the frequency distribution analysis using a block size of 1000 atoms. The Pearson's coefficient is a statistical measure of the degree of segregation for a given alloying element ranging from 0 to 1, representing complete randomness and complete association for the distribution of solute atoms [43, 44] . The m values for the Ni, Si, P atoms decrease consistently from the as-irradiated to the 600 and 700 C PIA conditions, which indicates that the PIA causes a pronounced reduction in the extent of segregation of the Ni, Si and P elements. A similar result was also reported in a high-dose irradiated austenitic steel, where the GB segregations and the radiation induced phases were greatly reduced or removed after PIA [34] . The fact that the elemental segregations is reduced by thermal annealing suggests that, the segregations of Ni, Si, P at GB in the as-irradiated sample are not thermodynamically favorable. It further indicates that the Ni-, Si-, P-rich clusters found in the austenite matrix is a result of RIS instead of radiation-enhanced thermal diffusion.
The RIS effect can influence the precipitation behavior in irradiated steels [9, 17] . It was reported that a high degree of RIS will retard the formation of MX precipitates, and it was explained that the RIS induced clustering of Ni and Si will hinder the growth of MX precipitates as the Ni and Si have a very low solubility in the MX precipitates [17, 45, 46] . The supersaturation of irradiation induced vacancies can also cause an insufficiency of C atoms for the MC formation through a C-vacancy binding mechanism [47] . These mechanisms help to explain the observation that the Ti rich clusters nucleated under irradiation but were limited to grow into large MX precipitates in the as-irradiated HT-UPS sample.
The MX precipitates were not observed in the Unirr sample, due to the solution annealing treatment. These precipitates are expected to appear after thermal annealing at elevated tempeartures [1e3] . A time-temperature-precipitation diagram was reported for the MX precipitation in the DIN 1.4970 steel [48] . Based on this diagram, the ageing time needed for the MX precipitation at 700 C is more than 10 h, however, in our study the MX precipitation was observed only after 1 h thermal annealing. The influence of preexisting crystal defects in the MX precipitation is negligible since the material was solution annealed prior to the irradiation and annealing. This suggests that the preceding neutron irradiation induced defects greatly assisted the MX precipitation during the 700 C/1 h annealing. We propose a two-step precipitation process to explain the promoted MX precipitation upon the post irradiation annealing. In the first step, the irradiation created large numbers of Ti rich clusters (Fig. 8) , which could serve as the nucleation cores of the MX precipitates. In the second step, the solute atoms (Ti, Nb, C, N) diffuse and join the nucleation cores to grow the MX precipitates. Their diffusivities are greatly enhanced by the 700 C annealing. The process is faster than the precipitation under thermal annealing alone, because the irradiation induced clusters save the need for creating the nucleation cores for the MX precipitates, which is difficult due to the large lattice misfits between the MX Fig. 9 . Measurements of the Ti clusters in samples at three irradiation/annealing conditions: (a) the size distribution characterized using 1.2 at.% Ti isosurface analysis, (b) the calculated mean size and number density, and (c) the volumetric fraction.
precipitates and the austenite matrix. The diffusion process is strongly temperature dependent, and the 700 C/1 h PIA is more effective than the 600 C/1 h PIA in the growth of MX precipitates, as revealed by both the TEM observations and the APT studies.
Conclusion
Three HT-UPS stainless steel samples were neutron irradiated to 3 dpa at 500 C, and after irradiation, two of them were annealed for 1 h at 600 C and 700 C, respectively. The microstructures including dislocation loops, solute clusters, and precipitates, were characterized using TEM and APT. The main findings are listed as follows:
1) Frank dislocation loop is the main defect feature in the asirradiated specimen. The loop size or density was not affected by the 600 C/1 h annealing, but a significant drop in loop density along with loop unfaulting were observed in the 700 C/ 1 h annealed sample. 2) TEM studies showed uniformly-distributed, ultra-fine (~2 nm) precipitates in the 700 C annealed sample, but not in the asirradiated or the 600 C annealed samples. APT characterizations revealed the existence of Ti-rich clusters in all three specimens, and a growth of the Ti clusters due to postirradiation annealing. The growth is more significant due to the 700 C/1 h annealing than the 600 C/1 h annealing. 3) The elemental segregation behavior at a grain boundary (GB) in the as-irradiated sample is consistent with the observations in other irradiated austenitic stainless steels, and some large Tirich precipitates at GB were also observed in our study.
